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| 3.0um POST HEIGHT, x=7.0um | FIG. 11A
7.0um SENSOR MATERIAL OVER 3.0pm HIGH x 1um WIDE POSTS WITH 2.0um
CONDUCTIVE FLUID (ELECTRODE 'C’ ‘

f
| ¥

c 321453113 | -316.22445 | 20243358 | 2024713 | |
G | -316.21287 | 151256663 | -508.31317 -508.33771
B | -20.256606 | -598.34907 | 2062.67905 -1434.0764
A | -20.24713 | -598.3371 | -5434.0764 2062.66336
| 11 FINGERS “B" SENSED
CABG | 143407642 | pFlem™2 | | FLUID GROUNDED
ﬁC=CABO-'CBG; 1.14970647 | g | 0.0802% CHANGE
CABO | 143522812 | pFlem*2 | FLUID FLOATING

3.0m POST HEIGHT, x=7.0pm k=2.70 SENSOR MATERIAL
7.0pm k=2.70 SENSOR MATERIAL OVER 4.0pm HIGH x 1psm WIDE POSTS WITH

| 321453113 | -265.15473 | -18.14558 |  -15.15282

-18.148329 | -575.44425 | 1002.25167 -1306.661 |
—h | owm [ mw | wees | e
M1 FINGERS "B" SENSED -

CABG | 139866006 | pFiom'2 | FLUID GROUNDED |

AC= CABO-CBG 100487644 5 0.0733% CHANGE

C
G | -265.14574 | 143588204 | -57536271 -575.34129
-

TO FIG. 118

CHANGE IN CAPACITANCE MATRIX FROM k-—3 00 TO k=2.70 SENSOR MATERIAL
G G i B A

i i { i
35.2618375 | -31.069717 | -2.0977779 -2.09431

C
G | -31.067129 | 77.0145833 | -22.950458 -22.006417
B | 21072771 | -22.905417 | 60.4277917 -35.417458

A f 200631 | -22.005417 | -35.417458 60.5064583 |
. A Wt _IATTASE L OO :
% CHANGE IN CAPACITANCE MATRIX FROM 10% CHANGE {(k=3.00 TO k=2.70)

C | 9885% | 9825% | 10.363% 10.344%
G | 9.825% | 5.001% | 3.836% 3.843%
B | 10.400% | 3.828% | 2.944% 2.470%
A 10.344% | 3.843% | 2470% | 2.948%
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x 0.5um M1 FINGERS

INSULATING WATER (Er=80)

| -641.83696

2077.67333

1

1
i 1
‘IW
]

SHIELD "G" SENSED

FLUDGROUNDED |

AC=CAGQO-CAGG | 17.94823.28

______________ CAGGIS%M%

2.9897% CHANGE

CAGO 616.285541

FLUID FLOATING

2.0um x 0.5um M1 FINGERS

INSULATING WATER (Er=80)
LG

--rﬂ----------------------- 5 § 8§ 5 § m § § ® § § 8 § § 8 § § 8 8 § 8 ® N 8 ® N 8 ® N 8 ® N 8 N N 8 ® N 8 ® N 8 8 N 8 ® N 8 8 N 8 ® N N ® N 8 8 N 8 N N 8 ® N 8 8 N 8 ® N 8 8 N 8 ® N N ® N H B N 8 ® N 8 N N 8 N N N N N N N N E N N N EH N

FROM FIG. 11A

SHIELD "G" SENSED

pFemh2

FLUID GROUNDED

CAGG 575.341292
AC=CAGO-CAGG | 16.1025014

| 2.7988% CHANGE

pFiem"2

FLUID FLOATING

CAGO 1 591.443793
{ |

(10% CHANGE)

SHIELD "G" SENSED

-4

M1 FINGERS "B" SENSED
sNV(CABG) | 3541746

_Tl.

pFomh2

SA/CAGG

sA/(CABO) | 35.5422874
3455778

pFiem?®2
'H'S_N Rﬂ

sNCAGQO
sNACAGG

e e e R e R e e e e e

34.6795828

e e R e R e e e e e e e R e R e R e e e e R e R e R e e e R e R e R e e

# SN Rll

sAN/ACAGO

P D N D D DG D UL DR NS DN VR SN D S U S D S

ESTIMATED

TO FIG. 111G
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FIG. 11C

FROM FIG. 11B

INSULATING GAS (Er=1.00)

.

BOTH "B" AND "G" SENSED

CABG-CAGG

2032.41613

AC=CAGO-CAGG

£ 19.0979383

—_

FLUID GROUNDED |
09397% |

CABO-CAGO

- 2051.51406

FLUID FLOATING

1

G

A

BOTH "B" AND "G" SENSED

CABG-CAGG

1974.00225

“LUID GROUNDED |

AC=CAGO-CAGG

L
wrarals

17.1273779

0.8676%

CABO-CAGO

- 1991.12963

| FLUID FLOATING

t | [.

| BOTH "B" AND "G" SENSED

A/(CABG-CAGG)

pFlem™2

- 24.84215

A/{CABO-CAGO)

=

- 60.3844334

pFicm?2

1428127

| A/M(CABG+CAGG)

- 3.41055563

i

ﬂSN RH

NN(CABO+CAGO)

- 3.52560667

"SNR'

CAB%AK) WITH NO 1F’ROTECTION OF "A” AND 'B" ELECTRODE

CAB/%AK) WITH 0.4um SIN PROTECTION SURROUNDING "A" AND "B" ELECTRODES
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y=4.0pm POST HEIGHT, x=8.0pm, z=3.0um RIDGE HEIGHT

C 55 G B A

'y T + +

C | 32020401 | -313.7181 | -3.2573685 3,228547
G 31271191 | 874.96825 | -280.6069 280.65099
B 31864285 | -280.52519 | 1207.3566 |  -023.64394
A 3220547 | -280.65009 | -923.64394 |  1207.5235

5 CABG 023.64304 pFlemh2 FLUID GROUNDED
AC=CABO-CBG| 0.0321368 | 0.003479% CHANGE

CABO 92367607 | pFlom2 | |_FLUID FLOATING
I I

y=4.0um POST HEIGHT, x=8.0pm, 2=3.0um RIDGE HEIGHT
8.0pm SENSOR MATERIAL OVER 4.0pm HIGH x 1.6-1.0um WIDE POSTS WITH
CONDUCTIVE FLUID (ELECTRODE "C")
5 ¢ | 6 | s A

| 288.71853 | -283.03776 | -2.8586135 |  -2.8221236

C
G | -283.07616 | 81647069 | -266.66091 |  -266.73159
B .2.7648308 | -266.66211 | 1129.9088 -800.49221

3
_’
TOFIG. 12B

; A 28221236 | -266.73150 | -660.49221 1130.0450
M1 FINGERS "B" SENSED 7
 CABG 860.49221 | pFlem"2 FLUID GROUNDED

AC=CABO-CBG| 0.0270303 | | 0.003141% CHANGE
~ CABO 86051924 | pFlem*2 FLUID FLOATING

CHANGE IN CAPACITANCE MATRIX FROM k—3 00 TO k=2.70 SENSOR MATERIAL
E C i: G B A

31.486488 | -30.680325 | -0.308755 0.4064234

.y ot ke . .

C
G | -30.633738 | 58497563 | -13.945988 | -13.9194
B 04215978 | -13.673075 | 77.447813 -63.151725
A | -0.4084234 | -13.9194 | -63.151725 77477625

% CHANGE IN CAPACITANCE MATRIX FROM Ak=-10% CHANGE (k=3.00 TO k=

9.833% 9.780% 12.242% 12.588%

13231% | 4.945% 8.415% 6.837%
12588% |  4.960% 837% 8.416%

C
G | 9765% | 6686% | 4970% | 4.960%
B
A

FIG. 12A
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2.0um x 0.5pm M1 FINGERS ON 3.0pum RIDGES {2.5um Si02+0.5pm SiN) WITH
INSULATING WATER {Er=80)

............................. A — ..:

31630886 1.1271% CHANGE

-y Lo

283.81408 | pFlam2 | FLUID FLOATING

winll iyt Syiyl e RE

FROM FIG. 124
TOFIG. 12C

CAGG 266.73159 | pFlem®2 | FLUID GROUNDED |

4. 4

AC=CAGO-CAGG| 2.7669912 1.0374% CHANGE

_ -h""'

CAGO 20949858 | pFlem*2 | FLUID FLOATING

(-10% CHANGE IN k) R B
| M1 FINGERS ‘B"SENSED | SHIELD "G* SENSED
| SNCABG | 6315172 | pFlem2 |  SACAGG |
SOICABO | 63154431 | pFlem2 | SAICAGO
SAACABG | 2336334 | "SNR' | SA/ACAGG

. sAJACABO 2336523 | "SNR" |  SAACAGO |
~ 2.70) SENSOR MATERIAL

&

o
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* WIDTH WITH SiN POST TAPERING DOWN TO 1.0pm

B
A

(
G 0
0
0

o i N I N s SRR S ¥
eon I8 I eoo I K ono T I+

— -t
]

BOTH "B" AND "G" SENSED _
) CABG-CAGG | 12042949 | pFlem*2 | FLUID GROUNDED |
| | AC=CAGO-CAGG | 3.1952244 02653% |
I CABO-CAGO | 1207.4901 | pFlem*2 | FLUID FLOATING |
WIDTH WITH SiN POST TAPERING DOWN TO 1.0pm '
0.1um SiN PROTECTION AROUND METAL
INSULATING GAS (Er=1.00)

G. 128

| BOTH "B" AND "G" SENSED

| | RN S ——— .:,| ............................................................. ey e e e e e ey S e S e i ey S e ey ey e Sy e i '

CABG-CAGG 1127.2238 pFlem2 FLUID GROUNDED |

:...*.--.-. ...................... N R A AT o A e VEREFEEEREREREREREEERE SRR REReu e eur R ers R e ne p e e wah '

_ AC=CAGO-CAGG | 27960214 | 0.2479Y%

-

CABO-CAGO 1130.0178 | pFlem™2 | FLUID FLOATING |

BOTH "B* AND “G" SENSED
13.9194 | pFicm*2| SAHCABG-CAGG) | 77.071125 | pFlem™2
14.3155 |pFlem*2| sAHCARO-CAGO) | 77.472328 | pFiem™?

15030518 | "SNR' | AM(CABGSCAGG) | 274843 | "SNR

5173669 | "SNR" | A/A(CABO+CAGO) | 27.727803 | "SNR!

--ir .......... o e A 1 ............................ r .....................

== ¥ ~r~

— ﬂ e

- CAB/%AK) WITH 0.1um SIN PROTECTION SURROUNDING "A" AND "B" ELECTRODES

FI1G. 12C
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Tum/1pam FINGERS y=3.0um POST HEIGHT, x=5.0pm, z=3.0pum RIDGE HEIGHT

5.0pum SENSOR MATERIAL OVER 3.0pm HIGH x 1.0pm WIBE POSTS WITH 1.0pum

CONDUCTIVE FLUID (ELECTRODE "C")

M1 FINGERS "B" SENSED

-1.49566064 -680.507 -2617.2191

680.00844 | 3299.35881

-2017.2191
3299.22

CABG 2617.21906

FLUID GROUNDED |

AC=CABO-CBG| 0.00470668

C 519.838144 | -516.80833 | -1.5341793 |  -1.4956064 ___
G -516.66278 | 1877.84656 | -680.6795 680507 |
B

| 0.000180% CHANGE |

¥

C

G B

A

- C_ | 458.776625 | -456.00126 | -1.4136874 |  -1.3615549
46597606 | 1783.174 | -658.62144 |  -658.57613

-1.3000588
-1,.3615549

-650.54 369
-656.57613

3068.26675
2438.3123 |

-2438.3123
3098.25006

| CcABO | 261722377 | pFlom2 FLUID FLOATING |

"" i FINGERS y=3.0pm POST HEIGHT, x=5.0um, 2=30um RIDGE HEIGHT | __
5.0um SENSOR MATERIAL OVER 3.0pm HIGH x 1.0pm WIDE POSTS WITH 1.0pm

| CONDUCTIVE FLUID (ELECTRODE "C" |

M1 FINGERS "B" SENSED

CABG 2438.31231
AC=CABO-CBG{ 0.0040638

CABO 2434.31638

oF/cm’2

FLUID GROUNDED |
0.000167% CHANGE |

C

G

A

9.823%

9.831%

8.963%

I 50.588225 046725625 | -22.068062 21930675 |

3 02364514 | -21.96475 | 201.092083 |  -178.90675 |
................. A | 01340516 | -21.930675 | 17890475 | 200971988 |
| % CHANGE IN CAPACITANCE MATRIX'FROM 10% CHANGE (k=3.00 TOk=2.70)

14.458%

8.963%

5.042% 3. 241 %
3.228% 6.095%
3.223% 6.834%

F1G. 13A

3.223%
6.836%
6.091%

TOFIG. 13B

US 10,379,074 B2
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i o e i o e e o e e o e i o e i o e i o e e o e i o e i o e i o e e o e i o e i o e i o e i o e i o e i o e i o e i o e i o e i o e i o e i o e i o e i o e i o e i o e i o e [ ——
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SYSTEM AND METHOD FOR SHIELDED
CHEMICAL SENSING USING A FINE-LINE
SHIELDED SENSING STRUCTURE

TECHNICAL FIELD

This disclosure 1s generally directed to a system and
method for shielded chemical sensing using a fine-line
shielded sensing structure.

BACKGROUND

Interdigitated electrode structures for both chemical and
non-chemical sensing and transducer applications have been
around and described in literature for a long time. They
typically include a large number of long and narrow con-
ductors (referred to as “fingers”), arranged in a single plane
parallel to one another, and grouped and electrically con-
nected into two- or multiple port electrical elements.

Various nomenclature 1s used in the technical and scien-
tific literature to identily these types of sensing electrode
structures, e.g., IDE (Interdigitated Flectrode), FEF (Fring-
ing Electric Field Sensors), Interdigital Sensors and Trans-
ducers, and the like. These sensing electrode structures are
often implemented as co-planar, patterned metal layers on a
substrate, fabricated using thin-film and/or semiconductor
type processes. When used as sensors, mterdigitated elec-
trodes typically interrogate an area of space between and/or
above the metal layers, and detect small changes 1n the
clectrical properties of any material or substance occupying
that space. A particular concern with such sensors 1s that the
sensors respond only to the electrical properties of the sensor
material, and not to the electrical properties of the fluid
beyond this sensor material. When a sensor exhibits such an
undesired response to the electrical properties of the fluid
beyond the sensor material, instead of just to the electrical
properties of the sensor matenal itself, this problem 1s
denoted by terms such as “read-through,” commonly used 1n
association with insulating fluids, or the *“‘third electrode

ellect,” commonly used 1n association with conductive flu-
1ds.

SUMMARY

This disclosure provides a system and method ifor
shielded chemical sensing using a fine-line shielded sensing
structure.

In a first embodiment, a sensor apparatus includes a
substrate, a plurality of parallel interdigitated sensor elec-
trode fingers disposed over the substrate, a peripheral shield
disposed over at least some of a periphery of the substrate,
and a sensing material disposed 1n gaps formed by surfaces
of the sensor electrode fingers and the peripheral shield.

In a second embodiment, a method for fabricating a
sensing structure includes providing a substrate. The method
also includes forming a plurality of parallel interdigitated
sensor electrode fingers over the substrate. The method
turther includes forming a peripheral shield over at least
some of a periphery of the substrate. In addition, the method
includes providing a sensing material i gaps formed by
surfaces of the sensor electrode fingers and the peripheral
shield.

Other technical features may be readily apparent to one
skilled in the art from the following figures, descriptions,
and claims.
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2
BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of this disclosure and
its features, reference 1s now made to the following descrip-
tion, taken 1n conjunction with the accompanying drawings,
in which:

FIG. 1 illustrates an iterdigitated sensing structure with-
out a shield that exhibits field protrusion near a discontinu-
Ity

FIG. 2 illustrates an iterdigitated sensing structure with-
out a shield that 1s subject to the “third electrode” eflect;

FIGS. 3A and 3B 1llustrate details of an example periph-
eral shielded sensor structure according to this disclosure;

FIG. 3C illustrates results from simulations of electro-
static feedthrough for insulating fluids using two-electrode
2-D fields simulations according to this disclosure;

FIG. 3D 1llustrates 2-D fields capacitance matrix simula-
tion results for both air and water insulating fluud and
conducting fluid cases according to this disclosure;

FIG. 3E illustrates a capacitance model obtained from a
capacitance matrix for conductive fluid (3-electrode) 2-D
fields simulations according to this disclosure;

FIG. 3F illustrates 2-D fields simulation data points of
capacitance shift between floating and grounded conductive
fluad (the *““third electrode etiect™) of a peripheral-shield-only

structure according to this disclosure;
FIGS. 4A, 4B and 4C 1illustrate details of an example

Fine-Line Area-Shielded (FLASh) sensor structure that
climinates the “third electrode effect” 1ssue of the periph-
cral-shield-only structure to allow the sensor to function
with conductive fluids, as well as insulating fluids, according
to this disclosure;

FIG. 4D 1illustrate details of an alternative embodiment of
the FLASh sensor structure according to this disclosure;

FIG. 4E 1llustrates additional details of the FLLASh sensor
structure according to this disclosure;

FIG. 5 1llustrates a comparison of a collinear area shield
and a perpendicular area shield according to this disclosure;

FIG. 6 illustrates experimental results that provide a
comparison between use of a shielded sensing structure and
use of a non-shielded sensing structure;

FIGS. 7A through 7F illustrate a schematic cross-sec-
tional view of a thin film microfabrication process sequence
used to produce a shielded sensing structure according to
this disclosure;

FIG. 8 illustrates details of another example FLASh
sensor structure in which the sensor fingers lie directly on
the substrate material according to this disclosure;

FIG. 9A 1llustrates details of an example Ridged-Finger
Area-Shielded Fine-Line (RF-FLLASh) sensor structure in
which the sensor fingers are raised up on ridges, away from
the substrate material, according to this disclosure;

FIG. 9B illustrates a peripheral shield ridged finger fine
line sensor structure that includes raised finger, but does not
include area shielding, suitable for use with insulating fluids,
according to this disclosure;

FIG. 10 illustrates a capacitance model obtained from a
capacitance matrix for conductive fluid (3-electrode) two-
dimensional (2D) field simulations of the RF-FLLASh sensor
structures of FIGS. 8 and 9A according to this disclosure;

FIGS. 11A through 13C illustrate capacitance matrices
obtained from 2D electrostatic simulations for the FLASh
sensor structures of FIGS. 8 and 9A according to this
disclosure:

FIG. 14 1llustrates details of another example RF-FLLASh

sensor structure according to this disclosure;




US 10,379,074 B2

3

FIG. 15 illustrates details of an example Vertical-elec-
trode Ridged-Finger Area-Shielded Fine-Line (VREF-

FLLASh) sensor structure according to this disclosure;

FIG. 16 illustrates field simulation results that compare
the VRF-FLASh design of FIG. 15 to the RF-FLLASh design

of FIG. 14;

FIGS. 17A, 17B, and 18 1illustrate microfabrication pro-
cesses to produce the VRF-FLASh sensor structure of FIG.
15; and

FIG. 19 illustrates an example method for fabricating a
shielded sensing structure according to this disclosure.

DETAILED DESCRIPTION

The figures discussed below and the various embodiments
used to describe the principles of the present disclosure in
this patent document are by way of 1llustration only and
should not be construed 1n any way to limit the scope of this
disclosure. Those skilled in the art will understand that the
principles of the present disclosure may be implemented in
any type of suitably arranged device or system.

It will be understood that embodiments of this disclosure
may include any one, more than one, or all of the features
described here. In addition, embodiments of this disclosure
may additionally or alternatively include other features not
listed here. Although the disclosed embodiments are
described with respect to chemical sensing structures, such
description 1s not limiting since the disclosed embodiments
are suitable for a wide range of applications.

Embodiments of this disclosure improve the performance
(in particular the sensitivity) of chemical sensors, such as
those that imncorporate an interdigitated electrode structure.
These sensors are based on measurements of the relative
permittivity (dielectric constant) of thin films of sensor
materials which selectively absorb an analyte of interest
from the fluid environment and which are deposited on top
of the interdigitated sensing electrode structure. The absorp-
tion of analyte results 1n a change in the sensor material’s
dielectric constant (or other electrical properties), which acts
as a representative measure for the concentration of analyte
in the fluid 1n contact with the sensor material’s surface. The
sensing e¢lectrode structure generates a ‘stimulus’ electric
field and detects the changes 1n dielectric constant (or other
clectrical properties, such as conductivity) by measuring the
resulting electrical current. Preferably, the sensing structure
1s shielded from any environmental influences such as
external electromagnetic fields or external electric charges.

Embodiments of this disclosure provide sensor structures
that avoid the undesired “read-through” and “third electrode
ellect” problems of conventional interdigitated sensors, so
that very small changes 1n the electrical properties of the
sensor material (1n close proximity to the IDE fingers) can
be measured without interference due to changes in the
clectrical properties of the fluid beyond this sensor material.

In simplified form, an interdigitated electrode structure 1s
considered to form a two-port electrical element, and the
clectrical impedance between the two ports can be mea-
sured. Such measurements can be made by stimulating one
port with a sinusoidal or AC voltage (“stimulus voltage™)
and measuring the AC current (“sense current”) drawn out of
the second port. An electric field 1s generated by the stimulus
voltage 1n the space between or near the electrodes, and any
changes in the electrical properties of a material occupying
that space will have a direct effect on the measured current.

It 1s known that there 1s a relationship between the height
of the space into which the electrical field lines from
co-planar electrode structures protrude, and the lateral
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4

dimensions (e.g., width and spacing, or their sum, “pitch”)
of these electrode structures. The protruding portions of the
field beyond the plane of the electrodes are often 1dentified
as the “Iringing field.” A spatial wavelength s can be defined
as s=2*(w+g), where w 1ndicates the width of an electrode
finger, and g indicates the width of the gap between two
clectrode fingers. The bulk of the electrical field (e.g., 99%
of the energy density), including the fringing field, 1s con-
tamned within one spatial wavelength above or below the
plane of the electrode structure.

When creating interdigitated sensors to interrogate selec-
tively absorbing materials, engineers typically select the
thickness of these materials on top of the electrode structure
to be equal to or more than the spatial wavelength. In the
alternative scenario, the sensor will pick up changes 1n
composition of not just the analyte of interest (for instance,
a hydrocarbon), but also the physical electrical properties of
and connections to the fluid environment right above the
sensor material (e.g., the electrical properties of the fluid
itsell, whether the dielectric constant of an insulating fluid or
the conductive and dielectric properties of, and electrical
connection to, a conductive flmid), thereby reducing the
cllective selectivity and sensitivity of the sensor due to this
interference.

However, the conductors that electrically connect the ends
of the electrode fingers of each port (often referred to as the
“bus bars”) and any associated connecting lines (“feed
lines™) to either conductive vias or contact pads (where the
signals can be read out) can create discontinuities in the
periodic nature of the electric field distribution around the
clectrode fingers. The discontinuities typically result 1n the
field protruding into open space much further than the
amount defined by the spatial wavelength.

For example, FIG. 1 1illustrates an interdigitated sensing
structure 100 without a shield that exhibits field protrusion
near a discontinuity. In the structure 100, the electric field
(schematically indicated as curved lines extending between
the electrode fingers) 1s mostly confined within the sensing
material and 1s used to interrogate the presence of analyte A
(which selectively diffuses through the sensing material).
However, the presence of the discontinuity results in a
portion 101 of the electrical field not being confined 1n the
sensing area, and thus also being aflected by analyte B,
inasmuch as 1t influences the overall electrical (dielectric or
conductive) properties of the fluid itself, and more 1mpor-
tantly, anything else that changes the electrical properties of,
or 1n the case of conductive fluids, the electrical connection
to, the fluid itself.

Such discontinuities reduce the eflective selectivity and
sensitivity of the sensor, or require the use of layers of
sensing material much thicker than desired 1n order to avoid
this 1nterference. Thick layers grossly reduce sensor
response time and tend to create problems 1n the fabrication
and packaging processes for these sensors and are generally
undesirable. To mitigate the 1ssue, some existing solutions
rely on lateral “shield” or *“guard” electrodes, which are
co-planar to the sensing electrodes, and are intended to
attract the electric field lines away from open space back into
the material and/or substrate.

However, these solutions are imperfect, in particular
when confronted with structures that are much larger than
the spatial wavelength. The desired value of this wavelength
can be very small (a few microns), as this allows to integrate
a large amount of electrode fingers on a given area, maxi-
mizing the response and sensitivity of the sensor; contact
pads or vias however are typically much larger, tens or
hundreds of microns. This disparity 1n size results 1n geom-
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etries where good shielding using state-of-the-art lateral
co-planar shielding techniques i1s very diflicult or 1mpos-

sible.

In addition to confinement of the stimulus field, to provide
adequate selectivity and immunity to noise, an interdigitated
sensing structure needs to be protected from the influence of
external electric fields or charge distributions. This may be
ol particular importance 1n cases where the sensing structure
1s exposed to electrically conductive fluids (e.g., water with
a significant concentration of 1ons).

For example, FIG. 2 illustrates an interdigitated sensing
structure 200 without a shield that 1s subject to the “third
clectrode” eflect. As shown 1n FIG. 2, mobile charges 1n the
fluid can make the fluid conducting, 1n eflect making the
conducting flumid 1tself an electrode on top of the sensor
material. As 1s well understood 1n electrostatics, the presence
of a conductor plane electrode on the opposite side of the
insulating sensor material may be viewed as if the dielectric
were extended, but embedded with counter (mirror) elec-
trodes carrying the opposite potential of the finger to fluid
voltage diflerence. In this view, the presence of the oppo-
sitely-charged mirror electrodes have an effect on the sense

current measured at the sense electrode for a given stimulus
voltage at the stimulus electrode, and that effect depends on
the AC voltage on the fluid electrode 1tself (For clarity, the
analyte(s) are not depicted 1n FIG. 2, but an aqueous solution
containing 10ns, in concentration suflicient to render the flud
cellectively conductive, as one of the fluid phases can be
considered). Because the current sensed through the inter-
digitated finger sensor array varies with the AC voltage on
the fluid (and hence the electrical connection to the fluid, this
eflect acts as a source of interference, sometimes termed
“noise” (1n the simplified structure depicted in FIG. 2, this
ellect nominally decays with 1/distance to the surface).

In such a case, the sensing structure 200 cannot be
considered a simple two-port element as described before;
generally, the electric field can be computed by solving the
Poisson equation given a spatial distribution of fixed and/or
mobile charges; 1t can however still be approximated 1n this
situation with a lumped-element model using a Maxwell
capacitance matrix 202, 1f the conductive fluid 1s assumed to
have suthlicient conductivity to behave as a conductor (elec-
trode). (The dielectric time constant, Td, which 1s the
product of the resistivity of the fluid [1n ohm-cm units] times
its dielectric constant [E=Er-Eo, where Er 1s the relative
dielectric constant of the material, and Fo=8.854x10~'*
F/cm 1s the permittivity of free space] 1s the key determinant
on whether a fluid 1s considered to be an insulator or a
conductor at a given signal frequency, F. For Td>>VanFE, AC
currents 1n the tluid will be dominated by capacitive dis-
placement currents, and the fluid may be considered to be
insulating at that frequency. For Td<<lAanF, AC currents 1n
the fluid will be dominated by conductive currents, and the
fluid may be considered to be conducting at that frequency.)
In this case, there are three terminals, interconnected by
three capacitive circuit elements, as generally represented by
the lumped-element model 203. Solving the capacitance
matrix 202 will return the charges (and currents) for a given
set of 1nput conditions. It can be seen that the impedance
boundary condition on the third terminal (1.e., the conduc-
tive fluid, which could be grounded or electrically floating,
or potentially at some other AC impedance with respect to
ground) will affect the charge or AC current measured on the
sense electrode. This 1s the reason why the undesired inter-
terence eflect 1s sometimes referred to as “third electrode™
ellect.

5

10

15

20

25

30

35

40

45

50

55

60

65

6

To provide immumity from this effect, complete electrical
shielding of the sensing structure (e.g., by means of a
Faraday cage) 1s sometimes used. Some systems provide a
metal shield that 1s placed 1n close proximity to an inter-
digitated sensing structure to attempt to provide immunity to
the third electrode eflect. However, this approach does not
generally provide immunity because the sensor remains
sensitive to the electrical properties of the fluid between the
shield (which 1s offset from the surface of the sensor by a gap
of finite si1ze) and the sensor surface. For example, 1f an
insulating fluid (such as a gas) 1s replaced by a conductive
fluid (such as water with a reasonably high density of 10ns
present), there will be a measured change in AC current even
if no sensed chemical species 1s present. Hence, while such
a spaced grounded Faraday shield should nominally provide
a consistent grounded fluid electrode potential to Terminal 3
in FI1G. 2, 1t will not actually prevent the sensed current from
reflecting changes in the electrical properties of the fluid (as
opposed to the chemical properties it 1s intended to exclu-
sively sense). Also, 1n practical applications, an integrated,
scalable and miniaturizable approach would be highly pre-
ferred.

To address these and other 1ssues, embodiments of this
disclosure provide electrical shielding systems for sensing
clectrodes. The disclosed electrical shielding systems
improve the performance and, in particular, the selectivity
and noise immunity of chemical sensors, such as those
developed by NEOTEK ENERGY, in some embodiments
with insulating fluids, and with other embodiments, with
cither 1nsulating or conductive fluids. These sensors are
based on measurements of the relative permittivity (dielec-
tric constant) of thin films of sensor materials which selec-
tively absorb an analyte of interest from the environment
and which are deposited over, or on top of, an interdigitated
sensing electrode structure. The absorption of analyte results
in a change 1n the sensor material’s dielectric constant,
which acts as a representative measure for the concentration
of analyte 1n the fluid 1n contact with the material’s surface.
The sensing electrode structure generates an electric field
and interrogates changes 1n 1t to quantily this change. To
obtain the best possible selectivity and immunity to external
noise sources, the electric field should be confined inside the
sensing material, and not protrude elsewhere where 1t can be
aflected by the overall electrical properties of the fluid,
rather than just the analyte of interest. The sensing structure
also should be shielded from any environmental influences
such as external electromagnetic fields or external electric
charges. The electrical shielding systems disclosed herein
provide structures that provide, either for the case of 1nsu-
lating fluids (e.g., peripherally shielded (only) structures), or
the general case of insulating or conductive fluids with
arbitrary electrical connection (e.g., the peripheral shield
plus area shield structures), such confinement of the field
and complete shielding of the sensing structure.

The sensing electrodes typically include a metallization
pattern on a substrate forming two-port or multi-port elec-
trical elements. In a particular embodiment, the sensing
clectrodes include a two-terminal interdigitated electrode
structure characterized by a spatial wavelength s (as
described above). The sensing electrodes are used to inter-
rogate changes in electrical properties of a material depos-
ited above the substrate containing the electrodes (referred
to as the “sensing layer”). The pattern of interdigitated lines
covered by the sensing layer form the “sensing area,”
whereas the metallization patterns and lines that electrically
tie the interdigitated lines together and route the contacts to
pads at the edge of the substrate form the “periphery.”
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Peripheral Shield

FIGS. 3A and 3B 1llustrate details of an example electrical
shielding system 330 for a sensing electrode structure 300
according to this disclosure. In particular, FIG. 3A shows a
top perspective view, while FIG. 3B shows a cross-sectional
view taken along the line A-A' 1 FIG. 3A. Together, the
sensing electrode structure 300 and electrical shielding
system 330 can be referred to as a peripheral shielded sensor

structure. The embodiment of the sensing electrode structure
300 and shielding system 330 shown in FIGS. 3A and 3B 1s
for 1llustration only. Other embodiments of the sensing
clectrode structure 300 and shielding system 330 could be
used without departing from the scope of this disclosure.
Those skilled in the art will recognize that, for simplicity and
clarity, some features and components are not explicitly
shown 1n every figure, including those illustrated 1n connec-
tion with other figures. Such features, including those illus-
trated 1n other figures, will be understood to be equally
applicable to the sensing electrode structure 300 and shield-
ing system 330. It will be understood that all features
illustrated 1n the figures may be employed 1n any of the
embodiments described. Omission of a feature or compo-
nent from a particular figure 1s for purposes of simplicity and
clarity, and not meant to imply that the feature or component
cannot be employed 1n the embodiments described in con-
nection with that figure.

The sensing electrode structure 300 1s an interdigitated
sensing structure that includes a plurality of sensing elec-
trode fingers 302 disposed over a substrate 304. The sensing
clectrode fingers 302 are configured to selectively absorb
analyte from the sensing environment and are deposited over
the substrate 304 containing the metallization patterns. The
sensing electrode fingers 302 are interdigitated as shown 1n
FIG. 3A and have alternating polarities. The substrate 304
can 1deally be formed of an insulating material with a
smooth surface finish and good mechanical properties, and
high resistance to the chemical environments of the fluids of
interest, even 1f i1t has a relatively high dielectric constant
(e.g., single-crystal sapphire). Contact pads 306, 308 for the
sensing electrode structure 300 provide a location for sol-
dering or attaching external connections.

The shielding system 330 1s disposed above the sensing
clectrode structure 300 and includes a peripheral shield 310
and a contact pad 314. The shielding system 330 is estab-
lished by an additional metallization pattern disposed 1n a
plane above the substrate 304 and the sensing electrode
fingers 302, and 1s electrically mnsulated from the metalli-
zation pattern forming the sensing electrode fingers 302 by
a (patterned) dielectric layer 316.

The peripheral shield 310 1s adjacent to and may slightly
overlap the sensing area. The peripheral shield 310 typically
covers at least some of the periphery of the substrate 304,
1.€., the portions of the substrate 304 which are not part of
the sensing area, e.g., the portions containing “bus bars”,
“feed lines™, contact vias, and any other components sepa-
rate from the periodic nature of the sensing electrodes. It 1s
not necessary to cover with the shield 310 portions of the
periphery that are outside of the “sensing environment,” that
1s, the region covered by the fluid.

In working implementations, a sensing material 1s depos-
ited 1n between and over the sensing electrode fingers 302
and the peripheral shield 310 (such as shown 1n FIG. 4E).
Only a portion of the overall structure i1s exposed to the
sensing environment containing the analyte or flud to be
analyzed; another portion including the contact pads 306,
308 is physically separated from the sensing environment.
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In some embodiments, an additional metallization layer
318 can be formed on the bottom side (and possibly even
edges) of the substrate 304 to complete the shielding, as
shown 1 FIG. 3B. (With typical substrate thicknesses, only
top and bottom-side shields are necessary, because the field
penetration from the sides becomes insignificant beyond a
distance of a few substrate thicknesses from the edge of the
top and bottom shields.) This 1s analogous to a closed
“Faraday cage” concept. Of course, in many cases this 1s not
required, as the bottom side and edges of the substrate 304
are typically embedded in a grounded metallic housing,
which can act as a bottom side shield.

In some embodiments, more than two metallization layers
can be mcorporated over the top surface of the substrate 304.
This allows for more complex geometries and functionality,
usually with the top layer used as a shield layer, in a manner
similar to the one described above.

In operation, stimulus field lines are formed by the
electrical stimulus, such as shown 1n FIGS. 1 and 2. The
peripheral shield 310 prevents the stimulus field lines gen-
erated from larger structures like finger contact end elec-
trodes (bus bars) and feed lines, as well as discontinuities,
that would otherwise penetrate into the fluid from protruding
into the fluid. That 1s, peripheral shield 310 blocks the
portion 101 of the electrical field in FIG. 1 from extending
outside of the sensing area. This results i nearly perfect
localization or confinement of the electrical field generated
by the sensing electrode structure 300 within the sensing
material 401, ensuring optimal sensor selectivity and per-
formance.

While the peripheral shield 310 of FIGS. 3A and 3B solve
the 1ssue of deep Iringing electrical fields from the end
clectrodes for non-conductive fluids (such as depicted at 101
in FIG. 1), the peripheral shield 310 i1s not a complete
solution for conductive fluids. In some implementations
where conductive fluids are used, additional shielding 1s
beneficial, as discussed below.

It 1s well known that electrostatic fields from nterdigi-
tated sensor fingers, aside from contact electrode eflects, die
ofl exponentially as the thickness of the insulating sensor
matenal 1s increased. 2-D fields simulations with insulating
fluids such as gas (k=1.00), pure o1l (k=2.00) and pure water
(k=80) show the expected exponential decrease in the dif-
ferences 1n the sensor capacitance between these different
dielectric fluids, as the sensor layer thickness 1s increased.

A difference between an insulator (even a high dielectric
constant insulator) and a conductor is that the conductor can
terminate electrostatic flux lines 1n a way an insulator
cannot. This diflerence has implications for area-unshielded,
perimeter-shielded sensor geometry in the presence of a
conducting fluild. When a grounded conducting fluid 1s
placed on the surface of the sensor material, the result is the
same as 1f 1mage electrodes with the opposite voltage
applied were created equidistant on the opposite side of the
conductor plane. This has the result that the capacitive flux
from the +V on the driven “A” fingers to the sensed “B”
fingers 1s partially cancelled by the -V on the mirrored
image “A” fingers, so this C ;. sensor capacitance with
grounded conducting fluid 1s substantially lower than with
an 1nsulating tluid.

The persistence of the presence of the changes 1n sensor
impedance upon immersion in tluids implies either that there
1s an electrostatic phenomenon or a physical phenomenon.
These sensor behavior observations can be understood by
more detailed interpretation of the 2-D electrostatic simu-
lation results.
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In many cases, chemical sensors operate 1in one of three
environments: gas (insulating), conductive liqud (e.g.,
brine), or non-conductive liquid (e.g., msulating o1l or pure
water). For the conductive fluid case, an electrical connec-
tion to the fluid mmdependent from the sensor may also be
present (e.g., the tluid might be grounded).

It can be observed that in a pure liquid environment, some
sensors exhibit “memory” eflects, presumably due to an
interface film buildup on the surface of the sensor material.
One way to address this 1ssue 1s to operate the sensors 1n a
“power washer” mode, in which the liqud is entrained as
droplets 1n a high gas velocity spray, where the droplet
kinetic energy upon impingement on the sensor surface 1s
suilicient to blast ofl any surface film and prevent buildup to
allow proper analysis of the incoming fluid stream, devoid
ol history eflects. Providing a tightly-controlled liquid-gas
ratio (LGR) 1n an optimized gas velocity stream should
achieve the desired sensor operation. Also, by simply peri-
odically setting the liquid tlow rate to zero (LGR=0), sensor
baseline drift can be addressed. The use of high velocity
gas-only (LGR=0) operation to measure the baseline sensor
capacitances (impedances) can be helpful in overcoming the
long-term baseline drift problems that could otherwise limait
the eflective sensitivity of chemical sensors.

The sensors are to be baselined 1n an insulating gas
environment, and then used for measurement of fluid 1n an
impinging droplet form i1n which any electrical connection
of the droplets to ground will presumably be uncertain. For
properly baselined, low dynamic noise operation, the sensor
clectrostatics would have to be robust (meaning eflectively
zero shift 1n measured sensor diflerential capacitance
between gas, 1solated conductive liquid and grounded con-
ductive liquid operation). Some sensor electrode geometries
cannot provide that capability. The 2-D fields simulation
explains this.

The 2-D fields simulation produces a capacitance matrix
for a configuration of two to four electrodes with up to four
different dielectric constant insulating regions. In the simu-
lations, “A” and “B” are chosen for the sensor finger
clectrodes (the only electrodes 1n the msulating fluid case,
aside from the peripheral shield, which lies outside of the
interdigitated finger array portion of the sensor), plus “C” for
the fluid electrode 1n the perfectly conducting fluid case. For
the dielectrics, “R” 1s used for the sapphire substrate
(Er=9.80), “N” for SiN (silicon mitride, Er=6.00), “0” for
insulating water (Er=80) and “P”” for air (gas) (Er=1.00). The
simulation covered two “A” and two “B” fingers and the
four gaps 1 between for a 16 um width. The simulation
started and ended at the center of “B” fingers and used
insulating boundaries so that, by reflection, the fields are the
same as 1f the array were infinite 1n extent (but the capaci-
tance matrix values are only for the 16 um wide by 1 cm
finger length area, or 0.0016 cm” area, and hence to convert
simulation C values (in pF) to C/A values (in pF/cm?) they
must be divided by 0.0016 cm?).

To understand the 2-D fields simulation results, 1t 1s
helpful to understand a capacitance matrix. The AC current,
I, through a capacitor with an AC voltage V at frequency 1
applied across 1t 1s I=(2a) VC. (For purposes of understand-
ing the sign conventions and meaning of the matrix, 1t may
be more convenient to think of a conductance matrix where
I=GV, where these can be simple DC voltages and currents.)
In this characterization, all of the ports are assumed to be
operating at a zero impedance (e.g., zero source impedance
and zero ammeter impedance). In a 2-electrode simulation
(1.e., a sensor with an msulating fluid with just “A” and “B”
clectrodes), the capacitance matrix consists of only four
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entries, C , ,, C 5, C5 ,, Co», and the magmitude of these four
capacitance matrix terms 1s 1dentical. The signs of C ,, and
Cgrp are positive, while the signs of C,, and C,, are
negative, because the current direction 1s opposite when the
voltage source 1s placed on the “B” electrode while the
ammeter 1s located on the “A” electrode, instead of the
ammeter and voltage source being connected 1n series on the
“A” port, with the “B” port grounded.

Some 2-D simulation results have been conducted for this
insulating fluid case. The rationale behind that i1s that the
water dielectric constant (Er=80) 1s so high 1n comparison to
normal materials like air (k=1.00) or sensor material
(k=3.00) that the voltage drops for a given flux density
would be very small, and practically conductor-like in
nature. Also, these simulations show the expected exponen-
tial drop-oft of AC , ,(x) with x, where AC , ;(X) 1s the change
in C ,, from air to water [AC , ,(X)=C ,z(water)-C , z(air) for
sensor material thickness x over the top of the sensor
fingers], which shows an x=4 um to 6 um sensor layer

thickness should be adequate for very low electrostatic
teedthrough.

FIG. 3C illustrates results from simulations of electro-
static feedthrough (“read-through™) for insulating fluids
using two-electrode 2-D fields simulations of a peripheral-
shield-only structure according to this disclosure. The solid
line 1llustrates the results (the change 1n sensed capacitance
observed when the fluid 1s changed from insulating air to
insulating (high-purity) water), showing the exponential
decrease of this change 1n capacitance as the thickness of the
sensor material 1s increased. Since only a 5.3 micron thick-
ness of sensor material 1s suflicient to suppress this read-
through error to 0.01%, this peripheral-shield-only structure
1s quite satistactory for use with msulating fluids. However,
these results do not carry over to the conducting fluid case
where the “third electrode eflect” produces sensor output
changes due to changes 1n the electrical connection to the
conductive fluid.

Practically, the treatment of (ordinary, as opposed to
ultra-pure) water as an insulator 1s not realistic. A better
insulator would exhibit very small conductive currents in
comparison to the capacitive displacement currents at the
frequency of iterest (1% or less would be good). Typically,
in small (e.g., drop-sized) distilled water samples, the con-
ductance levels are too high, so the use of conducting fluids
in testing 1s more practical.

While the fact that hyper-pure “suitably mnsulating” water
(for purposes of measurements at signal frequencies of the
order of 70 KHz) 1s seldom encountered, and easily 1onic-
contaminated to a more conductive state, there 1s conceptual
reason to suspect treating, for electrostatic analysis pur-
poses, a very high dielectric constant msulator as being “a
lot like a conductor”, which would tend to make the two-
clectrode insulating fluid analysis acceptable. There 1s a
conceptual difference between an 1nsulator with a very high
dielectric constant, which can pass a high flux density at a
low potential drop, and a conductor, which can do that and
also terminate flux. That 1s an important conceptual difler-
ence, which can have a major impact on the electrostatic
fields simulation results.

The 3-electrode 2-D fields simulation results can be
illustrated by showing the actual capacitance matrix results
for the case of a conducting electrode “C” on top of the
sensor material that lies over the mterdigitated “A” and “B”
sensor electrodes, the three-electrode 9-element matrix,
along with the two electrode 4-element matrices for the air
and isulating water cases. These capacitance matrices are
shown 1 FIG. 3D (after conversion to C/A values for the
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case of k=6.0 SiN with thicknesses of x=5 um (upper row of
results) and x=2 um (lower row). (Nominal sensor
area=0.13297 cm®.)

FIG. 3D illustrates 2-D fields capacitance matrix simula-
tion results for x=35.0 um and x=2.0 um thicknesses of S1IN
over the top of 2 um lines/spaces sensor fingers for both the
air and water insulating fluid and conducting fluid cases.
Note that C,,- and C,,, rows below the capacitance
matrices are the results of calculation based on interpretation
of the capacitance matrix results, representing the measured
sensor capacitance under different fluid grounding condi-

[ 1

tions, using the model of FIG. 3E.

As would be predicted from FIG. 3C, for the thicker,
x=5.0 um dielectric, there 1s only a tiny increase in the
sensor C ,» when the sensor 1s moved from air to insulating
water (upper row center and right 2x2 C/A matrices),
whereas for the thinner (field penetrating) x=2.0 micron
dielectric, there is a significant (about AC/A=80 pF/cm”)
increase from air to insulating water (lower row center and
right 2x2 C/A matrices). The 3x3 capacitance matrix 1s
obtained from two diflerent 2-D electrostatic fields simula-
tions (e.g., with electrodes “B” and “C” grounded and “A”
driven for one, and with “A” and “B” grounded and “C”
driven for the other simulation).

FIG. 3E illustrates a capacitance model obtained from the
capacitance matrix for the conductive fluid (3-electrode) 2-D
fields simulations according to this disclosure. Note that
while the capacitance matrix 1s defined for zero AC imped-
ance on all electrodes, this circuit model of the sensor 1s
applicable for any arbitrary impedances on the three ports.
In normal operation, the “A” and “B” sensor finger electrode
ports are operated at nominally zero impedance, and the
conductive flmd “C” electrode might be shorted to ground,
floating, or with some other impedance to ground such as the
capacitance of a long ground wire (possibly with someone
holding 1it), or an overlapping brine drop experiment in
which there 1s a capacitance to a grounded peripheral shield.
In all such cases, the measured response 1s calculated as a
circuit problem given the various applied port impedances or
capacitances.

Because there are finite computational errors 1n the simu-
lations, small, but noticeable, variations may be apparent
between matnix values. It 1s easier to visualize the meaning
of the capacitance matrix entries by looking at the capaci-
tance model generated from the capacitance matrix, as
shown 1n FIG. 3E.

The capacitance model of FIG. 3E contains only the
ofl-diagonal elements of the capacitance matrix; the diago-
nal elements are obviously C, =C  .+C ., C,.=C, +C, -
and C,..=C, . ,+C_ 5, so all of the capacitance matrix infor-
mation 1s captured 1n this model. The 2-D fields simulations
give all of these capacitance matrix values directly for the
simulated area (240 umx1 cm for these simulations). Look-
ing from right to left in the top row of matrices i FIG. 3D,
it shows for air C ,,=1977.6539 pF/cm”, for insulating water
C ,,=1978.2722 pF/cm” (only slightly larger, as expected),
but in the 3x3 matrix the C,.=C,,=1721.5274 pF/cm”
values are much smaller. The reason for that 1s that because
of the definition of the capacitance matrix (1n which all ports
are grounded), this C ,,,=C,,=1721.5274 pF/cm” value cor-
responds to the case when the fluid 1s shorted to ground,
C ,z For the C 5, floating conductive fluid case (which 1s
expected to be close to the msulating fluid C ; results), the
circuit calculation for C 5, 1s performed. With the conduc-
tive fluid completely tloating (as 1n a brine drop experiment
with no shield overlap and no ground wire touching the
drop), the combined capacitance measured from “A” to “B”,
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C 50, Will be the parallel combination of C,; in parallel
with the series combination of C . and C, . That 1s,

C130=C 4pH(1/C 4, ~)+(1/Cq ) Equation 1

where C 5, 1s the measured capacitance with conductive
fluid floating, and C , 5, C , ~, and C -~ are the values from the
capacitance matrix.

The calculated C , 5, value 1s shown under the 3x3 matri-
ces 1 FIG. 3D, and for x=5.0 um S1iN, using C , =514.007
pF/cm® and C,.~513.9 pF/cm®, the calculated value is
C ,»5=1978.501 pF/cm”, just slightly higher than the insu-
lating water C ,,=1978.2722 pF/cm? result.

As expected for a thinner x=2.0 um case (bottom row of
capacitance matrices in FIG. 3D) with substantial field
penetration beyond the dielectric surface into the fluid, for
air C,,=1940.1253 pF/cm”, substantially increasing with
insulating water to C,,=2020.6648 pF/cm”, and slightly
further 1ncreasing with {floating conducting brine to
C ,55=2034.6232 pF/cm?, but when the brine is grounded,
there is a large drop to only C ,,..=1422.4549 pF/cm” due to
the strong shielding efiect of the grounded fluid only 2 um
above the sensor fingers.

It was calculated (using best-fit circle technique) that the
drop covered 31.476% of the 0.13297 cm” sensor area,
meaning the drop-covered area was 0.04185 cm” and the
air-covered area was 0.09116 cm?®. Using the air
C,-=1940.1253 pF/cm® value, the initial (before drop)
capacitance should have been 257.98 pF and the air-covered
portion after the brine drop was put down should have a
capacitance of 176.87 pF. With the brine drop floating,
C ,»5=2034.6232 pF/cm”, the capacitance under the drop
should be 83.157 pF, for a total sensor capacitance of
262.024 pF, a 1.57% 1ncrease 1n calculated capacitance over
the no-drop (all air) initial case. When the drop 1s grounded
by inserting the ground wire into the drop, the calculated
C/A from FIG. 3D is C , ,..—1422.4549 pF/cm?>, for a capaci-
tance of 58.535 pF under the drop, or a total sensor capaci-
tance of 236.40 pF, which 1s a drop of —8.36% relative to the
initial air case, or -9.78% relative to the floating drop case.
Experimental data had Z=8129 ohms with all air, 8041 ohms
with the brine +3.46% 1n Zdrop floating (-1.08% 1n Z, or
+1.08% 1n C), and 8319 ohms with the drop grounded
(+3.46% 1n Z or -3.46% 1n C relative to the tloating drop
case). The absolute magnitude of C (air-only) of
C ,5=257.98 pF would give an impedance at 1=69,300 Hz of
-18902 ohms, 1n reasonable agreement with the measured
8129 ohms (and if the conductor thickness had been
increased to 0.45 um in the 2-D simulations, this would
increase the capacitance/reduce impedance, giving closer
agreement).

Thus, it can be seen that, even with “thick enough™ (x>3
um) sensor layer thicknesses, there will be very substantial
shifts 1n sensor capacitance between the air or insulating
fluid case and the grounded conducting fluid case (e.g. from
C ,»5=1978.501 pF/cm” to C ,,.=1721.5274 pF/cm” for the
x=3.0 um k=6.0 SiN case of FIG. 3D, a -13% change). In
the case of k=3 sensor material, the capacitance shift at any
given thickness, x, 1s smaller (because the etlective thick-
ness 1s the physical thickness divided by the square root of
the dielectric constant, k). In relation to the image charge
view of how the presence of a grounded conducting tluid on
the sensor material surface acts to reduce C ,,, the magni-
tude of the shift should nominally vary as 1/x.

FIG. 3F illustrates 2-D fields simulation data points (solid
heavy line) of capacitance shift between floating and
grounded conductive fluid, (C , 5 ,-C ,5-)/C , 5, plotted ver-
sus reciprocal of the thickness of the k=3.0 sensor material
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(above the 2 um lines and spaces, 0.3 um thick sensor
fingers), 1/x. The dashed line 1s an extrapolation from the
X=2.5 um to x=6.0 um simulation region to larger thick-
nesses (smaller 1/x). Note that while this extrapolation line
suggests a small offset at 1/x=0, presumably the real curve
would go to 0.00% at 1/x=0. In any event, even at super-
large, x>50 um, thicknesses (=fragile layers with very slow
response), the ~1% AC shifts are too large.

What 1s clear from FIG. 3F 1s that because of the slow,
1/x, reduction of the (C ,5,-C -V C 55 capacitance shiit
between tloating and grounded conductive fluid with sensor
layer thickness for some peripheral-shielded interdigitated
sensor array structures, i1t would not be possible to achieve
0.1% AC levels, even with large (X>50 um) sensor layer
thicknesses. With any reasonable sensor layer thicknesses
(e.g., x=10 um or less), the capacitance shift going from the
floating or isulating fluid to a grounded fluid 1s too large to
work with adequate sensitivity 1 a “power washer” spray
mode. In such circumstance, an area-shielded sensor sub-

strate design may be advantageous, as described below.
FLASh

FIGS. 4A, 4B and 4C 1illustrate details of another example
clectrical shielding system 400 for the sensing electrode
structure 300 according to this disclosure. In particular, FIG.
4A shows a top perspective view, FIG. 4B shows a cross-
sectional view taken along the line A-A' in FIG. 4A, and
FIG. 4C shows a cross-sectional view with a sensing mate-
rial added to the structure. Together, the sensing electrode
structure 300 and electrical shielding system 400 can be
referred to as a Fine-Line Area-Shielded (FLASh) sensor
structure. The embodiment of the sensing electrode structure
300 and shielding system 400 shown 1in FIGS. 4A through
4C 1s for 1llustration only. Other embodiments of the sensing
clectrode structure 300 and shielding system 400 could be
used without departing from the scope of this disclosure.

As 1n FIGS. 3A and 3B, the sensing electrode structure
300 of FIGS. 4A-4C 1s an mterdigitated sensing structure
that 1includes a plurality of sensing electrode fingers 302
disposed over a substrate 304. Contact pads 306, 308 for the
sensing electrode structure 300 provide a location for sol-
dering or attaching external connections.

The shielding system 400 1s disposed above the sensing
clectrode structure 300 and includes a peripheral shield 310,
an area shield 412, and a contact pad 314. The shielding
system 400 1s established by an additional metallization
pattern disposed 1n a plane above the substrate 304 and the
sensing electrode fingers 302, and 1s electrically insulated
from the metallization pattern forming the sensing electrode
fingers 302 by a (patterned) dielectric layer 316.

The peripheral shield 310 1s adjacent to and may slightly
overlap the sensing area. The peripheral shield 310 typically
covers at least some of the periphery of the substrate 304,
1.€., the portions of the substrate 304 which are not part of
the sensing area, e.g., the portions containing “bus bars”,
“feed lines™, contact vias, and any other components sepa-
rate from the periodic nature of the sensing electrodes.

The area shield 412 1s disposed vertically above the
sensing electrode fingers 302, and includes a pattern of lines
collinear to the sensing electrode fingers 302; however,
unlike the latter, the area shield 412 1s not an interdigitated
two-terminal element. Instead, the lines that form the area
shueld 412 are physically and electrically connected
together, and tied to the same reference potential as the
peripheral shield 310. This potential can be (but may not be)
the same as the reference potential, 1.e. ground, of the
measurement system; as long as the potential 1s constant, the
shielding system 400 will function as desired).
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In working implementations, a sensing material 320 1s
deposited in between and over the vertical features formed
by the sensing electrode fingers 302 and the area shield 412
(as shown in FIG. 4C). Only a portion of the overall
structure 1s exposed to the sensing environment containing
the analyte or fluid to be analyzed; another portion including
the contact pads 306, 308 1s physically separated from the
sensing environment.

In some embodiments, an additional metallization layer
318 can be formed on the bottom side (and possibly even
edges) of the substrate 304 to complete the shielding, as
shown 1n FIGS. 4B and 4C. (With typical substrate thick-
nesses, only top and bottom-side shields are necessary,
because the field penetration from the sides becomes insig-
nificant beyond a distance of a few substrate thicknesses
from the edge of the top and bottom shields.) This 1is
analogous to a closed “Faraday cage” concept. Of course, 1n
many cases this 1s not required, as the bottom side and edges
of the substrate 304 are typically embedded 1n a grounded
metallic housing, which can act as a bottom side shield.

In some embodiments, more than two metallization layers
can be mcorporated over the top surface of the substrate 304.
This allows for more complex geometries and functionality,
usually with the top layer used as a shield layer, in a manner
similar to the one described above.

FIG. 4D 1illustrates details of an alternative embodiment
of the electrical shielding system 400 for the sensing elec-
trode structure 300 according to this disclosure.

As shown 1n FIG. 4D, the electrical shielding system
includes the peripheral shield 310 and an area shield 412.
However, 1n this embodiment, the area shield 412 1s dis-
posed over the sensing material 320 1nstead of the sensing
material 320 being disposed over the area shield 412.

FIG. 4FE illustrates additional details of the sensing elec-
trode structure 300 and electrical shielding system 400
according to this disclosure. As shown in FIG. 4E, the
sensing electrode fingers 302 have alternating polarities.
Each finger 302 has a width w and 1s separated from the
adjacent finger 302 by a gap of width g. A sensing material
401 1s deposited 1n between and over the vertical features
formed by the sensing electrode fingers 302 and the area
shield 412.

The structure 300 and shielding system 400 can be
modeled as a four-terminal model, interconnected by capaci-
tive circuit elements, and can be generally represented by the
lumped-element model 403. Here, the fourth terminal 1s the
shielding system 400. The eflicacy of the area shield 412 can
be calculated using the capacitance matrix 402. The capaci-
tance values in the matrix 402 are determined by the
geometry and materials of the shielding system 400, and can
be calculated using, e.g., finite element field simulations.
The main parameters determining the eflicacy of the area
shield 412 are the gap g between the shield lines and the
height of the dielectric posts formed by the dielectric layer
316 between the sensing electrode fingers 302 and the
corresponding shield lines.

In operation, stimulus field lines are formed by the
clectrical stimulus. The stimulus field lines are shown as
curved lines, whereas the field lines as a result of the mobile
fluid charge (indicated as circles with plus signs and 1den-
tified as “Terminal 3”) are shown as lines that extend
between the area shield 412 and the circles. In the shielded
structure 300, the latter terminate on the area shield 412 and
generally do not aflect the sensing structure and sense
current, making the device immune to the eflects of the
external charge. The peripheral shield 310 prevents the
stimulus field lines from protruding into the fluid (compare
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FIG. 4E to the field lines shown 1n FIG. 2). This results 1n
nearly perfect localization or confinement of the electrical
field generated by the sensing electrode structure 300 within
the sensing material 401, ensuring optimal sensor selectivity
and performance.

In some embodiments, instead of a collinear area shield,
a perpendicular area shield can be implemented. For
example, FIG. 5 illustrates a comparison ol these two
options. In FIG. 5, the structure 502 includes an area shield
504 with lines that are collinear with the sensing electrode
fingers 506. This 1s analogous to the structure 300 with
collinear area shield 412. In contrast, the structure 512
includes an area shield 514 with lines that are perpendicular
to the sensing electrode fingers 516. In fact, many alternative
area shield geometries can be considered; however a trade-
ol exists between shield elflicacy and sensor sensitivity. For
example, 1n some geometries, a reduction in size of the
sensor arca due to the presence of the area shield results 1n
a decrease 1n sensitivity.

FIG. 6 1llustrates experiment results that provide a com-
parison between use of a shielded sensing structure (such as
depicted mn FIG. 4E) and use of a non-shielded sensing
structure. In the experiment, a drop of electrically conduc-
tive fluid 1s deposited onto the sensing area. Initially, the
fluid 1s electrically floating. At a given time (marked by the
box “GND wire i drop™), the fluid 1s electrically grounded
by isertion of a wire. The two curves 601, 602 depict the
response of the sensors over time. An 1deal chemaical sensor
does not respond to a change i fluid voltage, only to a
change 1n fluid composition. It can be seen that the shielded
sensor behaves as such; the curve 601 does not change
perceptibly when the fluid 1s grounded. However, in the
signal of the non-shielded sensor, a spurious ‘bump’ appears
in the curve 602 when the fluid potential changes.

In some embodiments, a shielded sensing structure, such
as the sensing electrode structure 300 and electrical shield-
ing system 400, can be produced using a thin film micro-
tabrication process, such as depicted in FIGS. 7A through
7F.

FIGS. 7A through 7F illustrate a schematic cross-sec-
tional view of a thin film microfabrication process sequence
used to produce a shielded sensing structure according to
this disclosure. In this process, the shielded sensing structure
1s disposed over a sapphire substrate by a first gold metal-
lization layer (*“M17) that forms the sensing electrode fingers
302, an inter-layer dielectric that includes approximately
two microns of silicon nitride and that forms the dielectric
layer 316, and a second gold metallization layer (“M2”") that
forms the area shield 412. The final structure is electrically
passivated by a stack of thin conformal dielectric films (e.g.,
Al,O; and silicon nitride). The sensing layer can deposited
onto the morganic substrate using a conformal spray-depo-
sition process. Of course, this 1s merely one example process
and 1s not lmmiting. Other processes could include other
operations, other layers, and other materals.

RF-FLASh

FIG. 8 1illustrates details of another example FLASh
sensor structure 800 according to this disclosure. The
embodiment of the area-shielded sensor structure 800 shown
in FI1G. 8 1s for illustration only. Other embodiments of the
FLLASh sensor structure 800 could be used without departing
from the scope of this disclosure.

As shown 1n FIG. 8, the FLASh sensor structure 800
includes multiple M1 layer gold sensor electrode fingers 802
resting directly on a high dielectric constant (e.g., sapphire)
substrate 804. A dielectric post 816 1s disposed over each
finger 802, and a portion of an area shield 812 1s disposed
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over each dielectric post 816, similar to the structure shown
in FIG. 4E. Sensing material 801 surrounds the fingers 802,
posts 816, and shield 812. Having the M1 sensor electrode
fingers 802 resting directly on the substrate 804 can lead to
multiple 1ssues: 1) Because the dielectric constant of the
substrate 804 (k=9.8) and its protective dielectric layer(s)
(not explicitly shown 1n FIG. 8) 1s so much larger than that
of the sensing material 801 (k=3.0), the parasitic shunt
capacitance between the M1 sensor electrode fingers 802 1s
relatively high. 2) For the same reason, very little of the
sense field flux 806 between the M1 sensor electrode fingers
802 actually passes through the sensing material 801 itself;
rather, most of the flux 806 1s shunted through the substrate
804 and the protective dielectric layer(s) on the substrate
804, neither of which contributes to the actual chemical
sensing function, thus resulting 1n reduced sensitivity. 3) The
portion of the sensing material 801 that 1s sensed 1s primarily
the very bottom of the sensing material 801 closest to the
substrate 804, and 1n some cases, this may not be as high
quality a material as the bulk sensing material 801 above.

FIG. 9A 1llustrates details of an example Ridged-Finger
Area-Shielded Fine-Line (RF-FLASh) sensor structure 900
according to this disclosure. The embodiment of the RF-
FLASh sensor structure 900 shown i FIG. 9A 1s {for
illustration only. Other embodiments of the RF-FLASh
sensor structure 900 could be used without departing from
the scope of this disclosure.

As shown 1n FIG. 9A, the RF-FLLASh sensor structure 900
includes a number of components that are the same as, or
similar to, the sensor structure 800 of FIG. 8. For example,
the RF-FLASh sensor structure 900 includes a sensing
material 901 that surrounds a plurality of M1 layer gold
sensor electrode fingers 902. The fingers 902 are disposed
over a high dielectric constant (e.g., sapphire) substrate 904
as 1 the FLLASh configuration, but with the difference that,
in the RF-FLASh configuration, the sensor fingers 902 are
separated from the substrate 904 by ridges 910 of low
dielectric constant material (such as S10,). A dielectric post
916 1s disposed over each finger 902, and a portion of an area
shield 912 1s disposed over each dielectric post 916. While
continuous ridges 910 of low dielectric material are shown
in FIG. 9A, discontinuous pillars or other means to raise the
fingers 902 off of the substrate 904 could be used without
departing from the scope of this disclosure.

In some embodiments, each area shield 912 1s formed of
gold and 1s aligned over the center of the corresponding
clectrode finger 902. Each area shield 912 can be formed
using projection lithography and 1s grounded as part of the
same M2 plane that defines the lateral shields. In some
embodiments, the dielectric posts 916 are silicon nitride
(S1N) and are formed by anisotropic reactive ion etching
using the projection patterned area shield 912 as a mask.

To address one or more of the 1ssues 1dentified 1n FIG. 8,
the M1 electrode fingers 902 are raised up on ridges 910.
The ridges 910 can be formed of silicon dioxide (510,) and
are formed by anisotropic reactive 1on etching using the
projection patterned electrode fingers 902 as a mask. The
ridges 910 result 1n a separation of the electrode fingers 90
from the substrate 904. This separation, along with the low
dielectric constant of S10,, reduces the parasitic capacitance
through the substrate 904 and forces most of the electrostatic
flux 906 from the “A” fingers to the “B” fingers to pass
laterally through the sensor material 901, thereby increasing
the electrostatic sensing ethiciency and overall chemical
sensitivity of the sensor structure 900.

While not explicitly shown 1n FIG. 9A, 1n some embodi-
ments, a thin layer (e.g., 0.1 um thickness) of protective
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dielectric can be included over some or all surfaces (e.g.,
clectrodes, sapphire substrate, sidewalls, etc.). Note that
FIG. 9A depicts a high, z=3 um height for the ridges 910,
this 1s merely one example and other values are possible. In
some embodiments, the electrostatic efliciency 1s not seri-
ously degraded at lower heights for the ridges 910, even
down to z=1 um to 2 um. Similarly, although FIG. 9A
depicts a height of the dielectric posts 916 of y=4 um, this
1s merely one example and other values are possible. In
some embodiments, good area shield performance can be
obtained with post heights down to about y=2 um, which
also eases fabrication aspect ratio challenges.

In the sensor structure 900, by raising the M1 sensor
clectrode fingers 902 up on relatively low dielectric constant
ridges 910 (e.g., S10, with k=3.8), well above the substrate
904, the parasitic shunt capacitance 1s greatly reduced.
Because the M1 electrode shunt path for flux down through
the rndge 910, through the substrate 904, and up the adjacent
ridge 910 1s so tortuous, the vast majority of the electrostatic
flux 906 passes directly across the lateral gap between the
clectrode ﬁngers 902 through the sensor material 901,
thereby greatly increasing the electrostatic efliciency and
sensitivity of the sensor structure 900. Even 1f the quality of
the sensor material 901 at the bottom (1.e., nearest the
substrate 904) happens to be inferior, relative to the bulk,
because the electrode fingers 902 are raised up on the ridges
910, the region of sensor material 901 being sensed should
nominally be higher quality bulk material.

Thus, the RF-FLASh sensor structure 900 offers a sig-
nificant improvement 1n sensitivity, while retaining all of the
area shielding structures and capabilities of the sensor
structures 300, 800, which allow the use of either insulating
or conductive tluids with very low levels of direct electro-
static read-through. In addition, the basic substrate fabrica-
tion techniques used for the sensor structure 800 are still
usable 1n the sensor structure 900, with the addition of an
mitial S10, dielectric deposition and RIE (reactive 1on
etching) step after definition of the M1 fingers.

It 1s also noted that the ridged finger structure shown in
FIG. 9A can be used with only a peripheral shield and no
area shield. For example, FIG. 9B shows a ridged finger fine
line sensor structure 950 that includes the low dielectric
constant ridges 910 of FIG. 9A, but does not include the
dielectric posts 816 and area shield 812 that are shown 1n
FIG. 9A. This nndged finger peripheral shield (only) structure
of FI1G. 9B, while not offering the protection from the “third
clectrode effect” with conductive fluids of the RF-FLASh
structure of FIG. 9A, when 1t 1s used with 1nsulating tluids,
it provides full “read-through” interference protection and
the same advantages of lower sensor capacitance and very
high electrostatic efliciency, and sensing of bulk (as opposed
to near substrate) higher quality sensor material, of RF-
FLASh, with a simpler fabrication process.

Comparison of Sensitivity of RF-FLASh to that of the
FLASh

Two-dimensional (2D) electrostatic simulation results for
the RF-FLLASh sensor structure 900 and the FLLASh sensor
structure 800 can be compared to illustrate the differences
between the two structures. In the simulations, an Ml
interdigitated finger structure of 2 um lines and 2 um spaces
was selected, lving directly on the sapphire substrate for the
FLLASh sensor structure 800 (FIG. 8), or raised up on 2 um
high S10, ridges for the RF-FLLASh sensor structure 900
(FIG. 9A). For purposes of these simulations, similar area-
shield structures of 1 um (or 1.6 um) lines with 3 um (or 2.4
um) spacings on 3 um (or 4 um) high SiN posts were
assumed (FIG. 8 and FIG. 9A), though a wider (2 um lines
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and 2 um spacings) top shield would give even higher
performance, even with a lower SiN post height. In FIG. 8,
the protective dielectric layers were not included, while in
FIG. 9A, a 0.1 um thickness was taken.

FIG. 10 illustrates a capacitance model 1000 obtained
from a capacitance matrix for the conductive flmd (3-¢lec-
trode) 2D fields simulations of the RF-FLASh sensor struc-
ture 900 and the FLASh sensor structure 800 according to
this disclosure. Note that while the capacitance matrix 1s
defined for zero AC impedance on all electrodes, the capaci-
tance model 1000 1s applicable for any arbitrary impedances
on the three ports. In normal operation, the “A” and “B”
sensor finger electrode ports are operated at nominally zero
impedance, while the conductive fluid “C” electrode (e.g.,
brine) might be either shorted to ground (C , 55 case), tloat-
ing (C,;, case), or with some other impedance to ground
such as the capacitance of a long ground wire (possibly with
someone holding 1t), or an overlapping brine drop experi-
ment 1n which there 1s a capacitance to a lateral grounded
shield. In all such cases, the measured response 1s calculated
as a circuit problem given the various applied port imped-
ances or capacitances.

FIGS. 11 A through 11C illustrate the capacitance matrices
obtained from 2D electrostatic simulations for the FLASh
sensor structure 800 of FIG. 8 with k=3.00 and k=2.70
sensor material. The capacitance matrices for both simula-
tions are shown to illustrate the change from k=3.00 sensor
matenal to k=2.70 (-10% Ak). Note that, even with abso-
lutely no protective SiN dielectric over the fingers 802, the
electrostatic sensing efliciency (% change 1n C /% change
in k) 1s only 24.7%. Based on 2D simulations, with a 0.4 um
thick layer of SiN over the fingers 802 and substrate 804, this
would drop by 40% to a 15% clectrostatic sensing efliciency.
The signal to noise ratio (“SNR”) (1.e., the ratio of the
change in C ,, due to a 10% change 1n k to the change in C
from floating to grounded fluid, C ,;,—C ,5.5) 1s 34.56, due
mainly to the 0.08% C ,,,—C ,»- change.

The strong coupling between the M1 fingers 802 through
the high-k (k=9.8) sapphire substrate 804 1s illustrated in
FIGS. 11A through 11C by the large magnitude of the
capacitance between the “A” and “B” M1 sensor electrodes
(e.g., C,,~1,434 pF/ecm?, with k=3.00 sensor material).
However, as shown i FIGS. 11A through 11C, 1n some
implementations, the FLASh sensor structure 800 can
exhibit low electrostatic sensing efliciency: 24.7% with no
metal protection, and about 15% with a 0.4 um S1N protec-
tive coating over the M1 electrode fingers 802 and the
substrate 804. Much of the electrostatic flux 1s lost through
unwanted parasitic substrate Capacﬂance The RF-FLASh
sensor structure 900 of FIG. 9A, in which the M1 ﬁngers 902
are raised up onto S10, ridges, addresses this issue very
ellectively. The flux path from an “A” M1 finger 902 to a
“B” electrode finger 902 would have to pass vertically
through two low-k 2 um S10,, (k=3.8) ridges 910, 1n series
with the sapphire substrate 904 between the ridges 910, for
a long, low k path. As illustrated in FIG. 9A, this effectively
forces most of the applhied AC flux 906 to pass directly
laterally between the raised “A” and “B” M1 fingers 902,
which means directly through the sensor material 901
(where the sensing actually takes place), mnstead of being
shunted down through the sapphire substrate 904, greatly
increasing the electrostatic efliciency.

FIGS. 12A through 12C illustrate the capacitance matri-
ces obtained from 2D electrostatic simulation for the RF-
FLLASh sensor structure 900 of FIG. 9A (where again, the
various capacitance matrix elements relate to the area-
shielded fine-line sensor capacitance model of FIG. 10). One
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detail 1n the 2D simulated structure slightly different from
FIG. 9A 1s that instead of straight-walled RIE etches, some
undercut was assumed, such as starting with a grounded top
shield of 1.6 um lines and 2.4 um spaces (instead of 1.0
um/3.0 um as i FIG. 8), with the SiN post tapering to 1.0
um. The narrower, 2.4 um shield gaps improve the capaci-
tance shift from grounded conductive fluid to floating to an
impressive 0.0035% (a 23x improvement over the 0.08% 1n
FIG. 8). The effectiveness of raising the M1 sensor electrode
fingers 902 up onto the S10, ridges 910 1s immediately
apparent from the observed high electrostatic efliciency,
68.4% (with 0.1 um of SiN protecting the electrodes, up
from 24.7% shown i FIGS. 11A through 11C with no
protection, or 15% with 0.4 um of SiN protection), and the
reduced sensor capacitance C,.=923.6 pF/cm” with the
RF-FLASh sensor structure 900, as compared to C ,,=1434
pF/cm” for the FLASh sensor structure 800. The “SNR” is
increased to “SNR”=2336, which 1s approximately 68 times
the “SNR”=34.56 result in FIGS. 11A through 11C.

Dimensional Scaling of the RF-FLASh to Further
Improve Speed of Response and Sensitivity.

The simulated performance (shown 1n FIGS. 12A through
12C) of the nominal 2 um lines and spaces 1n the RF-FLLASh
sensor structure 900 shown in FIG. 9A 1s excellent, and
clearly indicates the performance advantages to be realized
by raising the M1 fingers 902 up on the S10, ridges 910.

It 1s also possible to affect the response time of the
chemical sensor due to changes 1n analyte composition at the
interface between the sensor material and the fluid (shown
specifically as electrode “C” in the mset mn FIG. 10, or
implicitly as that which lies above the top of the sensor
material 801, 901 1n FIGS. 8 and 9A). The detailed transient
response ol the chemical sensors to changes in applied
analyte composition can be complex and dependent on
subtleties of various diflusion and other physical/chemical
mechanisms in the sensor materials/structure. However, as a
rough indication of the expected variation of response time
with key physical dimensions (e.g., sensor layer thickness),
the assumption of simple, Fick’s law, diffusion 1s usetful.
With simple, Fick’s law, diffusion, the response time goes
nominally as the square of the layer thickness through which
the diffusion takes place (e.g., the 11 um thickness of the
sensor material 801 1n FIG. 8, or roughly the x+y=12 um
thickness of the sensor material 901 from the surface to the
M1 fingers 902 1n FIG. 9A).

If 1t were considered important to quadruple the speed of
response ol the chemical sensors, then 1t should be possible
to achieve that 4x reduction of response time by halving the
thickness of the chemical sensor layers. This 2x down-
scaling of the chemical sensor layer thickness could nomi-
nally be accomplished without disturbing the electrostatic
ellectiveness of the area shield structure, etc., by dropping
the M1 sensor finger pitch from 2 um lines and spaces down
to 1 um lines and spaces, with other dimensions scaled
accordingly. While fabrication of 1 um M1 lines and spaces
with acceptable yields has proven challenging in earlier M1
finger directly on sapphire substrate designs, when the M1
fingers are raised up on the S10, ridges, 1t may be possible
(using suitable RIE tools) to achieve adequate yields with 1
um M1 lines and spaces.

FIGS. 13A through 13C illustrate capacitance matrices
obtained from 2D electrostatic simulations for a RF-FLLASh
sensor structure with reduced geometry (1 um M1 lines and
1 um spaces) compared to what 1s shown in FIG. 9A. That
1s, the structure used 1n the simulation of FIGS. 13A through
13C 1s similar to the RF-FLLASh sensor structure 900 of FIG.
9A, except that the widths of, and gaps between, the “A” and
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“B” fingers 902 1s reduced from 2.0 um to 1.0 um. The area
shield 912, and hence the top of the SiN posts 916, 1s kept
at a 1.0 um width, but a gradual undercut or taper going
down below the shield level 1s assumed so that the bottom
half of the SiN post 1s 0.6 um wide. While a z=3.0 um height
of the S10, ndge 910 was simulated, a z=1.5 um S10, ridge
height would have given virtually identical results. Also,
while a y=3.0 um height of the SiN post 916 was simulated
here, a y=2.0 um post height would have performed nearly
as well. For protection from well fluids, a 100 nm thick
Al,O; coating around all metal electrodes (and the SiN and
S10, dielectric walls) was assumed i1n the analysis. Such
protective coatings can be deposited using ultra-conformal
thin film deposition technmiques like ALD (Atomic Layer
Deposition). However, like the z and y dimensions, these
additional coatings do not change the mask layout (nor does
the sensor material thickness of x=5.0 um above the shield

top).
In FIGS. 13A through 13C, the capacitance (C/A 1n

pF/cm?®) matrix results for normal k=3.00 and 10% reduced
k=2.70 sensor materials are shown. While the electrostatic
elliciency of 68.36% 1s unchanged from the 2 um lines and
spaces case of FIGS. 12A through 12C, the change 1n
capacitance when the sensor k 1s reduced 10% from k=3.00
to k=2.70 is very large: sAC,.=178.9 pF/cm*/10% Ak, as
compared to 21.2 pF/cm*/10% Ak for the 2 um/2 ym FLLASh
with 0.4 um protective dielectric or 35.4 pF/cm®/10% Ak
with no protective dielectric (as shown 1n FIGS. 11 A through
11C).

There are a number of important observations from a
review of the 2D field simulation results of FIGS. 13A
through 13C for the 1 um/1 um RF-FLLASh sensor structure.
The electrostatic sensing efliciency (ESE) 1s 68.36%, essen-
tially unchanged from the ESE=68.37% for the 2 um/2 um
RF-FLASh case of FIGS. 12A through 12C, and much
higher than the 24.7% ESE in FIG. 10 for no metal protec-
tion or ESE=15% with 0.4 um SiN metal protection layer.
Because with the 1 um/1 pm line/space pitch, twice as much
finger length 1s included into the same sensor area as with
the more relaxed 2 um/2 um line/space geometry, the
capacitances are all larger. The big change for the 1 pm/1 um
RF-FLASh sensor 1s that the absolute sensitivity (1.e., the
change in C,, for a 10% change 1n k) 1s increased to
SAC , ,=178.9 pF/cm®/10% Ak, which is up by 8.4x from
about 21.2 pF/cm?/10% Ak for the FLASh with 0.4 um SiN
metal protection layer, or for the FLASh with no protective
dielectric, 35.4 pF/cm*/10% Ak (FIGS. 11 A through 11C, for
2 um/2 um with fingers directly on sapphire), or up by 2.83x
from the 63.15 pF/cm®/10% Ak with the 2 um/2 pm RF-
FLLASh case.

There 1s an increase 1n the sensor line loading capacitance,
C,5=3299.35 pF/cm? for the 1 um/1 um RF-FLASh, versus
the C,,=2052.7 pF/cm” for the 2 um/2 um FLASh or the
C,,=1207.35 pF/cm” for the 2 pm/2 um RF-FLASh, but the
modest increase 1n voltage noise-induced current noise in
the TIA sense circuitry should be dwarfed by the much
larger signal. As a sensor substrate layout 1ssue, however, 1t
should be noted that with the increased C , , and C,; loading
capacitances 1n a 1 um lines and spaces design, it becomes
important to reduce the feed line resistances (now typically
10 ohms per line, or 20 ochms per sensor) in order to keep
from adding voltage noise at the TIA input. One way to
reduce these feed line resistances i1s by adding thicker
plating to the feed line (and pad) areas of the M1 metalli-
zation.

Another important observation 1 the 1 um/1 um RF-
FLLASh sensor 1s that the change 1n C ,, from grounded to
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floating conductive fluid mm FIGS. 13A through 13C 1s a
remarkably small 0.00018%, which gives an “SNR” value
(the ratio of the change of C 5 due to a —10% change 1n

sensor k to the change of capacitance in going from a
grounded fluid to a floating fluid) of “SNR”=44,026.69 for
the 1 um/1 um RF-FLASh, up from “SNR”=35.56 with the
2 um/2 um FLASh (as shown in FIGS. 11A through 11C).
Another way of looking at this very high “SNR” result 1s that
the efliciency of the area shield structure 1s very high. The
height of the Si1N posts supporting the area shield could be
reduced from its y=3.0 um value used 1n FIGS. 13 A through
13C down to about y=2.0 um, and the sensor layer thickness
above the area shield electrodes could be reduced from x=5
um to about x=4 um while maintaining high electrostatic
performance. That would reduce the thickness of sensor
material above the M1 sensor fingers to about x+y=6 um for
this 1 um/1 um geometry, which value 1s about half of the
x+y=12 um sensor layer thickness from the fluid-sensor
interface to the M1 fingers for the 2 um/2 um RF-FLASh
case 1n FI1G. 9A. As per the earlier discussion, this would, for
Fick’s law diflusion, give about a 4x faster response time for
the 1 um/1 wm sensor geometry than for a 2 um/2 um
scaling.

FI1G. 14 1llustrates details of another example RF-FLLASh
sensor structure 1400 according to this disclosure. The
embodiment of the RF-FLLASh sensor structure 1400 shown
in FIG. 14 1s for illustration only. Other embodiments of the
RF-FLASh sensor structure 1400 could be used without
departing from the scope of this disclosure.

As shown 1n FIG. 14, the RF-FLASh sensor structure
1400 1includes a number of components that are the same as,
or similar to, the RF-FLLASh sensor structure 900 of FIG.
9A. For example, the RF-FLASh sensor structure 1400
includes a sensing material 1401 that surrounds a plurality of
M1 layer gold sensor electrode fingers 1402. The fingers
1402 are raised up on ridges 1410 of low dielectric constant
material that rest directly on a high dielectric constant (e.g.,
sapphire) substrate 1404. A dielectric post 1416 1s disposed
over each finger 1402, and a portion of an area shield 1412
1s disposed over each dielectric post 1416. In addition, the
RF-FLASh sensor structure 1400 includes a peripheral
shield 1411 that 1s the same as, or similar to, the peripheral
shield 310 of FIGS. 3A and 4E, and present in the structure
(but outside the region illustrated) in FIGS. 8 and 9A.
Together, the peripheral shield 1411 and the area shield 1412
form a shielding system 1450, analogous to the shielding
system 400 of FIG. 4E.

The peripheral shield 1411 1s only shown on the right and
left sides of the sensor finger array in FIG. 14. In actual
practice, as 1llustrated 1n FIG. 3 A, the peripheral shield 310,
1411 can completely surround the entire array, covering the
edges of the sensor finger area, the common connection

clectrodes 1into which the “A” and “B” sensor fingers (302 1n
FIG. 3A) attach, and the feed lines from these to the “A” and

“B” pads (306 and 308 in FIG. 3A) that lie within, and
somewhat beyond, the “sensing environment” shown 1n
FIG. 3A.

VRF-FLASh

In the FILASh sensor structures of FIGS. 4E and 8, 1t can
be seen that a large portion of the electric field generated
between stimulus and sense electrodes flows through the
substrate rather than through the sensing material (the ratio
1s determined by the ratio of dielectric constants, and the
sapphire substrate typically used has a significantly larger k
than the sensing material, resulting 1n a bigger portion of the
field penetrating 1t). This portion of the field may not be
utilized by the sensor, and will appear as a relatively large
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parallel or shunt capacitance (as measured between termi-
nals 1 and 2). In the RF-FLASh sensor structures of FIGS.

9A and 14, most of the field lines will flow through the
sensing material, resulting 1n a higher electrostatic efliciency
and a significant increase 1n sensor response.

FIG. 15 illustrates details of an example Vertical-elec-
trode Ridged-Finger Area-Shielded Fine-Line (VREF-

FLLASh) sensor structure 1500 according to this disclosure.
The embodiment of the VRF-FLASh sensor structure 1500

shown 1n FIG. 15 1s for 1llustration only. Other embodiments
of the VRF-FLASh sensor structure 1500 could be used
without departing from the scope of this disclosure.

The VRF-FLASh sensor structure 1300 represents a
modification of the RF-FLASh {fabrication process to
achieve a diflerent sense electrode shape, at the expense of
higher parasﬂlc capacitance and somewhat lower electro-
static efliciency, as compared to the RF-FLASh sensor
structure 1400 of FIG. 14. As shown in FIG. 15, the
VRF-FLASh sensor structure 1500 includes a number of
components that are the same as, or similar to, the RF-
FLASh sensor structure 1400. For example, the VREF-
FLLASh sensor structure 1500 includes a sensing material
1501 that surrounds a plurality of M1 layer gold sensor
clectrode fingers 1502. The fingers 1502 are disposed over
a high dielectric constant (e.g., sapphire) substrate 1504. A
dielectric post 1516 1s disposed over each finger 1502, and
a portion of an area shield 1512 1s disposed over each
dielectric post 1516. The VRF-FLASh sensor structure 1500
also 1ncludes a peripheral shield 1511 that 1s the same as, or
similar to, the peripheral shield 1411 of FIG. 14. Together,
the peripheral shield 1511 and the area shield 1512 form a
shielding system 13550, analogous to the shielding system
1450 of FIG. 14.

As 1in the RF-FLASh sensor structure 1400 of FIG. 14, the
VRF-FLASh sensor structure 1500 includes ridges 1510 that
rest directly on the substrate 1504. Unlike the RF-FLLASh, in
the VRF-FLASh sensor structure 1500, the nidges 1510
clevate only the top of the “A” and “B” sensor electrode
fingers 1502 away from the substrate 1504. In addition, each
ridge 1510 includes vertical sidewalls 1515 that are coated
with a conductive material that 1s formed integrally with the
corresponding electrode finger 1502, thereby forming a “II”
clectrode shape that 1s not elevated from the substrate 1504.
Thus, 1n the VRF-FLAShO sensor structure 1500, the con-
ductive surface of the electrode finger 1502 extends across
the top of the ndge 1510 and also down the sidewalls 1515
of the ndge 1510, forming the “II” electrode shape.

Because the II-shaped electrodes 1502 sit directly on the
high dielectric constant sapphire substrate 1504, substantial
parasitic flux will pass directly through the substrate 1504,
so the parasitic substrate capacitance 1s higher, and the
clectrostatic efliciency somewhat lower than for the RF-
FLLASh sensor structure 1400. However, while the increased
parasitic substrate capacitance 1s essentially the same as for
the FLASh sensor structure 800, the electrostatic efliciency
1s much better than the FLLASh sensor structure 800 because
in the VRF-FLASh sensor structure 1500, that parasitic
substrate capacitance represents a much lower fraction of the
total sensed capacitance. This 1s 1llustrated in FIG. 15, which
shows most of the flux field lines 1506 perpendicularly
terminating on vertical sidewalls 15135. As a result, a good
percentage of the tlux field lines 1506 are contained within
the sensing material 1501, and in particular are mostly
contained 1n the narrow, high-aspect ratio gap between the

ridges 1510 and run horizontally, rather than fringe out as in
the sensing electrode structure 300 of FIG. 4E and the
RF-FLASh sensor structure 1400 of FIG. 14. The result 1s a
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higher field line density and larger sensed capacitance, and,
even though the VRF-FLASh electrostatic efliciency 1s not
quite as high as the RF-FLASh, 1t 1s much higher than that
of the FLASh structure.

FIG. 16 1llustrates field simulation results that compare
the VRF-FLASh design of FIG. 15 to the RF-FLLASh design

of FIG. 14 for a set of design parameters (1 um and 2 um
linewidths, a 3 um ridge height in all cases, a 3 um shield
post height for 1 um linewidth/4 um shield post height for 2
um linewidth, a 5 um sensing material thickness for 1 um
linewidth and 8 um sensing material thickness for 2 um
linew1dth). As indicated, FIG. 16 includes results created by
2D simulations as well as 3D simulations. As can be seen 1n
the column displaying the predicted sensor response (ex-
pressed as the capacitance change in pF/cm?, for a change of
10% 1n the dielectric constant of the sensing material, k=3
to 2.7), the improvement in sACAB 1s significant.

The VRF-FLASh design can be realized using a number
of fabrication processes that may be but are not necessarily
variations on the existing “FLLASh™ microfabrication pro-
cess used to build the sensors. For example, FIGS. 17A and

178 1illustrate a schematic cross-sectional view of a thin film
microfabrication process sequence used to produce the
VRF-FLASh sensor structure 1500 of FIG. 15 according to
this disclosure. As illustrated in FIGS. 17A and 17B, the
vertical electrodes are realized 1n a process very similar to
the proposed RF-FLLASh process (which 1s 1tself a relatively
minor variation on the FLASh fabrication process), by an
additional conformal ALD deposition of a metal such as
platinum or gold, thereby coating the sidewalls 1515 of the
ridges 1510 with a thin layer. The inventors recognize that,
while at present no commercial source of ALD gold or
platinum deposition technology exists, such an ALD gold or
platinum deposition technology may become commercially
available 1n the future, or potentially another metal, such a
iridium, for which ALD deposition technology 1s available,
could be substituted for gold or platinum in this process.
This layer 1s subsequently patterned by an amisotropic direc-
tion etch (e.g. 1on beam/milling process). Additional or
alternative processes are available to perform this pattern-
ing, such as a process mvolving selective sidewall passiva-
tion followed by an 1sotropic etch.

As another example, FIG. 18 illustrates a microfabrication
process to produce the VRF-FL ASh sensor structure 1500 of
FIG. 15 based on a high-aspect ratio etch process according
to this disclosure. As shown 1n FIG. 18, the desired vertical
clectrode structure is created by a high-aspect ratio (DRIE)
etch of hughly doped silicon on sapphire (or other insulating
substrate), a process well-known 1n the MEMS field, popular
to realize, e.g., comb drive sensors and actuators. Only the
portion of active sensing area 1s depicted.

FIG. 19 illustrates an example method 1900 for fabricat-
ing a shielded sensing structure according to this disclosure.
For ease of explanation, the method 1900 1s described as
being performed to fabricate one or more of the sensing
structures described herein. However, the method 1900
could be used for any suitable shielded sensing structure.

At step 1901, a substrate 1s provided. This can include, for
example, providing one of the substrates 304, 804, 904,
1404, 1504 using any one or more of the processes described
above.

At step 1903, a plurality of nndges are formed on a top
surface of the substrate. This can include, for example,
forming the ridges 1410, 1510 using any one or more of the
processes described above. In particular embodiments, this
can 1nclude, for example, depositing one or more layers and
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then etching the layers to form the ridges. In some embodi-
ments, the etching may occur later, such as aifter steps
1905-1909.

At step 1905, a plurality of parallel interdigitated sensor
clectrode fingers are formed on the ridges. This can include,
for example, forming the electrode fingers 302, 802, 902,
1402, 1502 using any one or more of the processes described
above. Fach rnidge elevates the corresponding sensor elec-
trode finger from the top surface of the substrate. In some
embodiments, the ridges are formed by amisotropic reactive
ion etching using the sensor electrode fingers as a mask. In
some embodiments, each ridge includes vertical sidewalls
that are coated with a conductive material that 1s formed
integrally with the corresponding sensor electrode finger.

At step 1907, a dielectric post 1s formed over each of the
sensor electrode fingers. This can include, for example,
forming the dielectric posts 316, 816, 916, 1416, 1516 using
any one or more of the processes described above.

At step 1909, an area shield 1s formed, such that a portion
of the area shield 1s disposed over each dielectric post. This
can include, for example, forming the area shield 312, 812,
912, 1412, 1512 using any one or more of the processes
described above.

At step 1911, a sensing material 1s provided 1n gaps
formed by surfaces of the sensor electrode fingers, the
dielectric posts, and the area shield. This can include, for
example, providing the sensing material 401, 801, 901,
1401, 1501 using any one or more of the processes described
above.

Although FIG. 19 illustrates one example of a method
1900 for fabricating a shielded sensing structure, various
changes may be made to FIG. 19. For example, while shown
as a series of steps, various steps shown 1 FIG. 19 could
overlap, occur 1n parallel, occur 1n a different order, or occur
multiple times. Moreover, some steps could be combined or
removed and additional steps could be added according to
particular needs.

The embodiments described above offer, for the same
sensing materials and electrode sizes, significant improve-
ments 1 chemical sensitivity of the sensors, as well as
reduced parasitic substrate capacitance and other benefits
that contribute to enhanced sensor performance. In contrast
to the aforementioned implementations with co-planar guard
or shield electrodes, the electric field confinement and
immunity to external fields and external charges in accor-
dance with this disclosure 1s advantageous. Also, compared
to a solution where the thickness of sensing material would
be increased, the disclosed embodiments enable the use of
much thinner sensing material layers and hence {faster
response times and greater ease ol fabrication (e.g., thick-
ness uniformity, material homogeneity, and the like).

In some embodiments, various functions described above
are implemented or supported by a computer program that 1s
formed from computer readable program code and that is
embodied 1n a computer readable medium. The phrase
“computer readable program code” includes any type of
computer code, including source code, object code, and
executable code. The phrase “computer readable medium”™
includes any type of medium capable of being accessed by
a computer, such as read only memory (ROM), random
access memory (RAM), a hard disk drive, a compact disc
(CD), a digital video disc (DVD), or any other type of
memory. A “non-transitory” computer readable medium
excludes wired, wireless, optical, or other communication
links that transport transitory electrical or other signals. A
non-transitory computer readable medium includes media
where data can be permanently stored and media where data
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can be stored and later overwritten, such as a rewritable
optical disc or an erasable memory device.

It may be advantageous to set forth definitions of certain
words and phrases used throughout this patent document.
The terms “application” and “program” refer to one or more
computer programs, soltware components, sets of instruc-
tions, procedures, functions, objects, classes, instances,
related data, or a portion thereof adapted for implementation
in a suitable computer code (including source code, object
code, or executable code). The terms “transmit” and
“recerve,” as well as denvatives thereof, encompass both
direct and 1indirect communication. The terms “include” and
“comprise,” as well as denivatives thereof, mean inclusion
without limitation. The term “or” 1s inclusive, meaning
and/or. The phrase “associated with,” as well as dertvatives
thereot, may mean to include, be included within, intercon-
nect with, contain, be contained within, connect to or with,
couple to or with, be communicable with, cooperate with,
interleave, juxtapose, be proximate to, be bound to or with,
have, have a property of, have a relationship to or with, or
the like. The phrase “at least one of,” when used with a list
of 1tems, means that different combinations of one or more
of the listed items may be used, and only one item 1n the list
may be needed. For example, “at least one of: A, B, and C”
includes any of the following combinations: A, B, C, A and
B, Aand C, B and C, and A and B and C.

The description 1n the present application should not be
read as implying that any particular element, step, or func-
tion 1s an essential or critical element that must be included
in the claim scope. The scope of patented subject matter 1s
defined only by the allowed claims. Moreover, none of the
claims 1s mntended to invoke 35 U.S.C. § 112(1) with respect
to any of the appended claims or claim elements unless the
exact words “means for” or “step for” are explicitly used 1n
the particular claim, followed by a participle phrase 1denti-
tying a function. Use of terms such as (but not limited to)
“mechanism,” “module,” “device,” “unit,” “component,”
“element,” “member,” “apparatus,” “machine,” “system,”
“processor,” or “controller” within a claim 1s understood and
intended to refer to structures known to those skilled 1n the
relevant art, as further modified or enhanced by the features
of the claims themselves, and 1s not intended to invoke 35
U.S.C. § 112(1).

While this disclosure has described certain embodiments
and generally associated methods, alterations and permuta-
tions of these embodiments and methods will be apparent to
those skilled 1n the art. Accordingly, the above description of
example embodiments does not define or constrain this
disclosure. Other changes, substitutions, and alterations are
also possible without departing from the spirit and scope of
this disclosure, as defined by the following claims.

A S 4 L

- B 4 4

What 1s claimed 1s:
1. A sensor apparatus comprising:
a substrate;
a plurality of parallel interdigitated sensor electrode fin-
gers disposed over the substrate;
a peripheral shield disposed over at least some of a
periphery of the substrate; and
a sensing material disposed 1n gaps formed by surfaces of
the sensor electrode fingers and the peripheral shield.
2. The sensor apparatus of claim 1, wherein the sensor
clectrode fingers are disposed directly on a top surface of the
substrate.
3. The sensor apparatus of claim 1, further comprising:
a dielectric post disposed over each of the sensor elec-
trode fingers, wherein:
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the peripheral shield forms part of a shielding system that
further includes an area shield, wherein a portion of the
area shield 1s disposed over each dielectric post,

the peripheral shield 1s coplanar with the area shield, and

the shielding system 1s electrically insulated from the

sensor electrode fingers.

4. The sensor apparatus of claim 3, wherein the area shield
comprises a plurality of parallel lines that are physically and
clectrically connected and are disposed 1n a plane over the
dielectric posts.

5. The sensor apparatus of claim 4, wherein the lines of
the area shield are collinear with or perpendicular to the
dielectric posts.

6. The sensor apparatus of claim 3, wherein the sensor
clectrode fingers are formed as part of an M1 metallization
layer over the substrate, and the area shield 1s formed as part
of an M2 metallization layer over the M1 metallization layer.

7. The sensor apparatus of claim 1, wherein each sensor
clectrode finger 1s disposed on a ridge that 1s formed on a top
surface of the substrate, each ridge elevating the correspond-
ing sensor electrode finger from the top surface of the
substrate.

8. The sensor apparatus of claim 7, wherein the ridges are
formed by anisotropic reactive 1on etching using the sensor
clectrode fingers as a mask.

9. The sensor apparatus of claim 7, wherein a vertical
height of each ridge 1s greater than a lateral distance between
adjacent ridges.

10. The sensor apparatus of claim 7, wherein each ridge
includes vertical sidewalls that are coated with a conductive
material that 1s formed integrally with the corresponding
sensor electrode finger.

11. A method for fabricating a sensing structure compris-
ng:

providing a substrate;

forming a plurality of parallel interdigitated sensor elec-

trode fingers over the substrate;

forming a peripheral shield over at least some of a

periphery of the substrate; and

providing a sensing material in gaps formed by surfaces

of the sensor electrode fingers and the peripheral shield.

12. The method of claim 11, wherein the sensor electrode
fingers are formed directly on a top surface of the substrate.

13. The method of claim 11, further comprising:

forming a dielectric post over each of the sensor electrode

fingers, wherein:

the peripheral shield 1s formed as part of a shielding

system that further includes an area shield, wherein a
portion of the area shield i1s disposed over each dielec-
tric post,

the peripheral shield 1s coplanar with the area shield, and

the shielding system 1s electrically insulated from the

sensor electrode fingers.

14. The method of claim 13, wherein the area shield
comprises a plurality of parallel lines that are physically and
clectrically connected and are disposed 1n a plane over the
dielectric posts.

15. The method of claim 14, wherein the lines of the area
shield are collinear with or perpendicular to the dielectric
posts.

16. The method of claim 13, wherein the sensor electrode
fingers are formed by forming an M1 metallization layer
over the substrate, and the area shield 1s formed by forming
an M2 metallization layer over the M1 metallization layer.

17. The method of claim 11, further comprising:

before forming the sensor electrode fingers over the

substrate, forming a plurality of ridges on a top surface
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of the substrate, wherein each sensor electrode finger 1s
formed on a corresponding one of the ridges, each ridge
clevating the corresponding sensor electrode finger
from the top surface of the substrate.

18. The method of claim 17, wherein the ridges are 5
formed by anisotropic reactive 1on etching using the sensor
clectrode fingers as a mask.

19. The method of claim 17, wherein a vertical height of
cach ridge 1s greater than a lateral distance between adjacent
ridges. 10

20. The method of claim 17, wherein each ridge includes
vertical sidewalls that are coated with a conductive matenial
that 1s formed integrally with the corresponding sensor
clectrode finger.
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